Parallaxes for W49N and G048.60+0.02: Distant Star Forming Regions in
  the Perseus Spiral Arm by Zhang, B. et al.
ar
X
iv
:1
31
2.
38
56
v1
  [
as
tro
-p
h.G
A]
  1
3 D
ec
 20
13
Parallaxes for W49N and G048.60+0.02:
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ABSTRACT
We report trigonometric parallax measurements of 22 GHz H2O masers in two massive star-
forming regions from VLBA observations as part of the BeSSeL Survey. The distances of
11.11+0.79
−0.69 kpc to W49N (G043.16+0.01) and 10.75
+0.61
−0.55 kpc to G048.60+0.02 locate them in
a distant section of the Perseus arm near the solar circle in the first Galactic quadrant. This
allows us to locate accurately the inner portion of the Perseus arm for the first time. Combining
the present results with sources measured in the outer portion of the arm in the second and third
quadrants yields a global pitch angle of 9.5◦ ± 1.3◦ for the Perseus arm. We have found almost
no H2O maser sources in the Perseus arm for 50
◦ < ℓ < 80◦, suggesting that this ≈ 6 kpc section
of the arm has little massive star formation activity.
Subject headings: masers – techniques: high angular resolution – astrometry – stars: formation – Galaxy:
fundamental parameters – Galaxy: kinematics and dynamics
1. INTRODUCTION
While the nature and even the number of spiral
arms in the Milky Way is still debated, mount-
ing evidence suggests that the Perseus arm is
one of two major spiral arms (Drimmel 2000;
Benjamin et al. 2005; Churchwell et al. 2009). It
may emerge from the far end of the bar and wrap
through the inner Galaxy in the first quadrant
(inner portion of the Perseus arm) and the outer
Galaxy in the second and third quadrants (outer
portion of the Perseus arm). Since the inner por-
tion of the Perseus arm lies at a smaller Galactic
radius and closer to the bar than the outer portion
of the arm, one would expect it to be more promi-
nent in molecular gas and star formation, yet very
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little is known about it owing to its great distance
and its kinematic blending with nearer material in
the inner Galaxy.
Recent improvements in radio astrometry with
Very Long Baseline Interferometry (VLBI) tech-
niques have yielded parallaxes and proper motions
to star-forming regions in the Galaxy with accura-
cies of ∼ 10 µas and ∼ 0.1 mas yr−1, respectively
(e.g. Reid et al. 2009b; Honma et al. 2012). Paral-
lax measurements for a reasonably dense sampling
of sources in spiral arms will help us to fully trace
the spiral structure of the Galaxy. To reach this
goal, we are using the NRAO1 Very Long Baseline
Array (VLBA) to conduct a key science project,
the BeSSeL (Bar and Spiral Structure Legacy)
Survey2, to study the structure and kinematics of
the Galaxy by measuring trigonometric parallaxes
and proper motions for hundreds of 22 GHz H2O
and 6.7/12.2 GHz CH3OH maser sources associ-
ated with massive star-forming regions.
1The National Radio Astronomy Observatory is a facility of
the National Science Foundation operated under coopera-
tive agreement by Associated Universities, Inc
2http://bessel.vlbi-astrometry.org/
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In this paper, we present trigonometric par-
allax measurements of 22 GHz H2O masers to-
ward two high-mass star-forming regions, W49N
(G043.16+0.01) and G048.60+0.02, in the inner
portion of the Perseus arm.
2. OBSERVATIONS AND CALIBRA-
TION PROCEDURES
Our observations of 22 GHz H2O masers to-
ward G043.16+0.01 and G048.60+0.02, together
with several compact extragalactic radio sources,
were carried out under VLBA program BR145B
with 12 epochs spanning about one year. For these
sources, the parallax signature in Declination was
considerably smaller than for Right Ascension,
and we scheduled the observations so as to maxi-
mize the Right Ascension parallax offsets as well as
to minimize correlations among the parallax and
proper motion parameters. The observations near
each Right Ascension parallax peak were grouped
as listed in Table 1. At each epoch, the observa-
tions consisted of four 0.5-hour “geodetic blocks”
(used to calibrate and remove unmodeled atmo-
spheric signal delays), with three 1.7-hour periods
of phase-referenced observations inserted between
the blocks. In the phase-referenced observations,
we cycled between the target maser and several
background sources, switching sources every 20 to
30 seconds. Table 2 lists the observed source po-
sitions, intensities, source separations, reference
maser radial velocities and restoring beams. The
typical on-source integration time per epoch for
the maser source and each background source were
0.64 and 0.30 hour for G043.16+0.01, and 0.79 and
0.25 hour for G048.60+0.02, respectively.
Our general observing setup and calibration
procedures are described in Reid et al. (2009a);
here we discuss only aspects of the observations
that are specific to the maser sources presented
in this paper. We used four adjacent intermedi-
ate frequency (IF) bands with 16 MHz, each in
both right and left circular polarization (RCP and
LCP); the second band contained the maser sig-
nals, the center VLSR is 10 and 26 km s
−1 for
G043.16+0.01 and G048.60+0.02, respectively.
The spectral-channel spacing was 31.25 kHz corre-
sponding to 0.42 km s−1 in velocity. We observed
three International Celestial Reference Frame
(ICRF) sources: 3C345 (J2253+1608), 3C454
(J1642+3948) and J1925+2106 (Ma et al. 1998),
near the beginning, middle and end of the phase-
referencing observations in order to monitor delay
and electronic phase differences among the observ-
ing bands. The data correlation was performed
with the DiFX3 software correlator (Deller et al.
2007) in Socorro, NM. The data reduction was
conducted using the NRAO’s Astronomical Image
Processing System (AIPS) together with scripts
written in ParselTongue (Kettenis et al. 2006).
Since in our case the masers are much stronger
than the background sources, we used a spec-
tral channel with strong and relatively compact
maser emission as the interferometer phase refer-
ence. This is necessary to extend the coherence
time of the interferometer and allow all data to be
used to make an image. This allows us to detect
weak background sources and other maser spots
in many spectral channels in order to determine
their positions respect to the reference maser spot.
When differencing the positions of the other maser
spots and the background sources, structure in the
reference spot cancels and as such does not affect
parallax measurements. After we performed the
calibration for the polarized bands separately, we
combined the RCP and LCP bands to form Stokes
I and imaged the continuum emission of the back-
ground sources from the four frequency bands si-
multaneously using the AIPS task IMAGR. For
the masers, we also formed Stokes I and then im-
aged the emission in each spectral channel. Then,
we fitted elliptical Gaussian brightness distribu-
tions to the images of strong maser spots and the
background sources using the AIPS task SAD or
JMFIT.
3. ASTROMETRIC PROCEDURES
Data used for parallax and proper motion fits
were residual position differences between maser
spots and background sources in eastward (∆x =
∆α cos δ) and northward (∆y = ∆δ) directions.
These residual position differences are relative to
the coordinates used to correlate the VLBA data
and shifts applied in calibration. The data were
3DiFX: A software Correlator for VLBI using Multiproces-
sor Computing Environments, is developed as part of the
Australian Major National Research Facilities Programme
by the Swinburne University of Technology and operated
under licence
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modeled by the parallax sinusoid in both coordi-
nates (determined by a single parameter, the par-
allax) and a linear proper motion in each coordi-
nate. Because systematic errors (owing to small
uncompensated atmospheric delays and, in some
cases, varying maser and calibrator source struc-
tures) typically dominate over thermal noise when
measuring relative source positions, we added “er-
ror floors” in quadrature to the formal position
uncertainties. We used different error floors for
the ∆x and ∆y data and adjusted them to yield
post-fit residuals with reduced χ2 near unity for
both coordinates.
As discussed in Zhang et al. (2012), the appar-
ent motions of the maser spots can be compli-
cated by a combination of spectral and spatial
blending and changes in intensity. Thus, for par-
allax fitting, one needs to find stable, unblended
spots and preferably use many maser spots to av-
erage out these effects. We selected maser spots
brighter than 50 and 1 Jy beam−1, which are ≈
1/200 of the peak brightness, for G043.16+0.01
and G048.60+0.02, respectively. We considered
maser spots at different epochs as being from the
same feature if their separation from the middle-
epoch position was less than 5 mas (a < 5 mas
shift over 0.5 years corresponds to a maser spot
motion of < 260 km s−1 at a distance of 11 kpc).
H2O masers can be time-variable with lifetimes
of months to years. For solid parallax fits, we se-
lected only maser spots persisting over all epochs
to avoid large correlations between parallax and
proper motion. We first fitted a parallax and
proper motion to each H2O maser spot relative
to each background source separately. Since one
expects the same parallax for all maser spots, we
did a combined solution (fitting with a single par-
allax parameter for all maser spots, but allowing
for different proper motions for each maser spot)
using all maser spots and background sources.
In general, H2O maser spots usually are not dis-
tributed uniformly around the exciting star and
their kinematics can be complicated by a com-
bination of expansion and rotation (Gwinn et al.
1992); this limits the accuracy of estimates of the
absolute proper motion of the exciting star(s).
Therefore, we modeled the relative motions of
maser spots distributed across the source in or-
der to solve for the motion of the phase-reference
spot relative to the central star. Owing to the
large field of view of the maser spots, especially in
G043.16+0.01, for measuring relative motions we
used only the inner-five antennas of the VLBA (to
allow a wide field of view and to limit the number
of pixels needed to map the sources).
In order to model the expansion and rotation
of the entire maser source, we adopted a Bayesian
fitting procedure using a Markov chain Monte
Carlo method to explore parameter space, as-
suming the probability distribution for the data
uncertainties follows the “Conservative Formula-
tion” of Sivia & Skilling (2006), which does not
have a large penalty for out-lying data points (i.e.,
maser spots whose motions do not follow the sim-
ple expanding model). The details on the maser
kinematics model and the Bayesian fitting pro-
cedure are described in Gwinn et al. (1992) and
(Sato et al. 2010), respectively. We first used
a simple radial expanding outflow model (model
A) and then an expanding outflow with rotation
(model B). The global parameters we estimated in-
clude the position (x0, y0) and motion (V0x, V0y)
of the expansion center (relative to the reference
maser spot); the VLSR of the expansion center V0r;
an expansion speed Vexp at 1
′′ radius from the ex-
pansion center and the exponent γ that allows for
acceleration as a power law for velocity as a func-
tion of distance from the expansion center; and the
rotation speed at 1′′ radius from the spin axis with
two orientation angles of θ and φ, the azimuth and
elevation of the spin axis in the reference frame of
the model, respectively. In addition to the global
parameters, for each maser spot we estimated its
offset along the line of sight from the reference
maser spot.
4. RESULTS
4.1. W49N
W49N (G043.16+0.01) is a complex region of
recent star formation containing the most lumi-
nous H2O maser site in the Galaxy (Cheung et al.
1969; Burke et al. 1970). For the parallax mea-
surement of W49N we phase-referenced to the
maser spot at VLSR of –4.75 km s
−1. Both back-
ground sources were detected at all epochs, ex-
cept for J1922+0841 at the second epoch. Fig-
ure 1 shows images of the reference maser spot
and the two background sources at the last epoch
(BR145BC).
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We found 11 maser spots detected at all twelve
epochs that could be used for precision astrom-
etry. These maser spots cluster in six locations
identified with letters A through F in Figure 2.
Table 3 shows the independent and combined par-
allax fits for those maser spots. Figure 3 shows the
independent parallax fit of the maser spot at VLSR
of –44.77 km s−1 with each background source as
an example. The combined parallax estimate is
0.090± 0.006 mas, corresponding to a distance of
11.11+0.79
−0.69 kpc. The quoted parallax uncertainty is
the formal fitting error multiplied by
√
11, assum-
ing conservatively 100% correlated position uncer-
tainties among the spots.
Our distance to W49N is consistent with that
of 11.4 ± 1.2 kpc obtain by Gwinn et al. (1992)
by modeling the expansion (basically compar-
ing maser Doppler velocities and proper mo-
tions). Combining the data for the two back-
ground sources, we measured the absolute proper
motion of the reference maser spot to be µx =
–4.49 ± 0.13 mas yr−1 and µy = –6.42 ± 0.12
mas yr−1, where µx = µα cos δ and µy = µδ.
In order to model the internal motions of the
masers to obtain the motion of the exciting star(s),
we used 345 maser spots which appeared at four or
more epochs within one year, and estimated their
motions with respective to the reference maser
spot. Figure 4 shows the motions with their mean
value removed, which indicates an expansion orig-
inating from a small region that might include one
(or more) young stellar object(s), as suggested by
Gwinn et al. (1992). We fitted the data to mod-
els of expansion, with and without rotation. The
estimated parameters from a Bayesian fitting pro-
cedure described by Sato et al. (2010) are listed in
Table 4.
The motion of the expansion center relative
to the reference maser spot from the two models
are in good agreement within their joint uncer-
tainties. We adopt the results from the simpler
model A as the best estimate of the systematic
motion. Converting the (V0x, V0y) to angular mo-
tions yields µx = 2.01 ± 0.08 and µy = 1.16 ±
0.06 mas yr−1 at the parallax distance of 11.1 kpc
to W49N. Adding this motion to the absolute mo-
tion of the reference maser spot, we estimate an
absolute proper motion of the exciting star(s) of
W49N to be µx = –2.48 ± 0.15 mas yr−1 and µy
= –5.27 ± 0.13 mas yr−1. We note that the differ-
ence in proper motions of a maser spot provided by
different background sources are larger than their
formal errors for the individual fits. This differ-
ence could result from small structural variations
such as jet motions in the background source or
from unmodeled atmospheric delays.
4.2. G048.60+0.02
For the parallax measurement of G048.60+0.02,
all the background sources were detected at all
epochs after phase-referencing to the maser spot
at VLSR of +25.58 km s
−1. Figure 5 shows images
of the reference maser spot and the background
sources at epoch 1. Figure 6 shows the spatial
distribution of H2O maser spots and regions with
maser spots used for the parallax fit. We found
9 maser spots that appeared at all epochs, which
could be used for astrometric measurements. Ta-
ble 5 shows the independent and combined solu-
tion for those maser spots. Figure 7 shows the par-
allax fit of maser spot at VLSR of +24.31 km s
−1
with each background source as an example. The
combined parallax estimate is 0.093 ± 0.005 mas,
corresponding to a distance of 10.75+0.61
−0.55 kpc. The
quoted parallax uncertainty is the formal fitting
error multiplied by
√
9, allowing for the possibil-
ity that position uncertainties of maser spots are
entirely correlated. The absolute proper motion
of the reference maser spot is estimated to be µx
= –3.19 ± 0.01 mas yr−1 and µy = –5.61 ± 0.03
mas yr−1.
We found 55 maser spots that were detected in
at least four epochs over one year and estimated
their relative motions with respect to the refer-
ence maser spot. Figure 8 shows these motions
with their mean value removed. Similar to the
kinematic modeling of W49N, we fitted the data
to expansion models with and without rotation.
The estimated parameters are listed in Table 6.
Owing to the large uncertainty of the parameters
for rotation, we adopted the results from model
A. The proper motion of the expansion center rel-
ative to the reference maser spot corresponds to
µx = 0.30 ± 0.08 mas yr−1 and µy = 0.11 ± 0.08
mas yr−1 at a distance of 10.7 kpc. Adding this to
the absolute motion of the reference maser spot,
we obtained an absolute proper motion of the ex-
citing star of G048.60+0.02 to be µx = –2.89 ±
0.08 mas yr−1 and µy = –5.50 ± 0.09 mas yr−1.
4
5. DISCUSSION
5.1. Inner portion of the Perseus arm
traced by H2O maser sources
Spiral arms in the Galaxy can be identified as
large-scale features in longitude-velocity (ℓ−v) di-
agrams from CO surveys (e.g., Dame et al. 1986).
We therefore assign our masers to arms by asso-
ciated them with molecular clouds, without pos-
sible bias by using distance and a model of spi-
ral structure. A secure arm assignment requires
that the position and velocity of the maser and the
molecular cloud be in agreement with the position-
velocity (ℓ − v) locus of the arm. Using the data
from the 13CO Galactic Ring Survey (GRS) by
Jackson et al. (2006) and the APEX4 Telescope
Large Area Survey of the GALaxy (ATLASGAL,
Schuller et al. 2009), we determined that both
G043.16+0.01 and G048.60+0.02 are nearly coin-
cident on the sky with giant molecular clouds (see
Figure 9). The clouds have small angular sizes (≈
3′), relatively large composite linewidths (FWHM
9.4 and 5.0 km s−1, respectively), and low positive
LSR velocities (11.1 and 17.7 km s−1, respectively)
which are consistent with the ℓ−v locus identified
by Valle´e (2008) for the Perseus arm.
Combining the two sources in the inner portion
of the Perseus arm reported here with 22 sources
with parallax measurements in the outer portion
of the Perseus arm from the BeSSeL Survey, the
Japanese VLBI Exploration of Radio Astrometry
(VERA) project and the European VLBI Network
(Y. K. Choi et al. 2013, in preparation), there are
now 24 sources defining the locus of the Perseus
arm. Figure 10 plots log(R) versus β for these
sources, where R and β are Galactocentric radius
and azimuth (β is defined as 0◦ toward the Sun and
increasing with Galactic longitude). As shown in
Figure 11, these sources are consistent with follow-
ing a spiral from β ≈ –25◦ to 90◦ (corresponding to
Galactic longitude ℓ ≈ 240◦ to 43◦) and extending
nearly 15 kpc in length.
Using a Bayesian fitting approach that takes
into account uncertainties in distance that maps
into both R and β (M. J. Reid 2013 et al.
4APEX, the Atacama Pathfinder EXperiments, is a collab-
oration between the Max Planck Institut fu¨r Raodioas-
tronomie, the Onsala Space Observatory, and the European
Southern Observatory.
2013, in preparation) and is insensitive to outliers
(Sivia & Skilling 2006, see “coservative formula-
tion”), we estimate a global pitch angle of 9.5◦ ±
1.3◦ for the Perseus arm, which is in good agree-
ment with that of 8.9◦ ± 2.1◦ determined from
the 22 sources confined to the outer portion of
the Perseus arm. As we can see from Figure 10,
G043.16+0.01 and G048.60+0.02 at β ≥ 80◦ are
crucial constraints for fitting a global pitch angle,
since most of the sources are located at β ≤ 25◦.
The preliminary pitch angle based on four sources
in the Perseus arm in Reid et al. (2009b) of 16.5◦
± 3.1◦ employed a simpler least-squares fitting ap-
proach in which only the residual in Galactocentric
radius was minimized (when fitting a straight line
to log(R) versus β). Refitting the data from the
four sources available in Reid et al. (2009b) with
the new Bayesian approach, which accounts for
error in both log(R) and β, yields 15.1◦ ± 6.1◦.
Thus the preliminary fit and our new fit, based on
24 sources, agree within their joint uncertainty.
5.2. 3D motion in the inner portion of the
Perseus arm
Combining the parallax and proper motion
measurements with the systemic VLSR (as listed
in Table 7) enable us to determine the three-
dimensional (3D) peculiar motions (relative to
circular motion around the Galactic center) of
G043.16+0.01 and G048.60+0.02. The VLSR of
G043.16+0.01 estimated from maser kinematics
modeling (see Table 4) is about 11 km s−1, which
is consistent with that of 11 km s−1 estimated for
the molecular cloud. Similarly for G048.60+0.02
we estimate a VLSR of 20 km s
−1 from kinematic
modeling of masers (see Table 6), which is also
close to the cloud velocity of 18 km s−1. To al-
low for a difference of VLSR between H2O and
CO, we assign a VLSR uncertainty of 5 km s
−1.
Similarly, there might be additional uncertainty
referring those maser motions to that of the cen-
tral star as reported in § 4. To account for this, we
added a proper motion error floor corresponding
to 5 km s−1 to the measurement uncertainty in
quadrature. The final adopted astrometric param-
eters and their uncertainties are listed in Table 7.
Assuming a flat rotation curve for the Milky
Way with a rotation speed of LSR Θ0 = 239
km s−1, the distance to the Galactic center of
R0 = 8.3 kpc (Brunthaler et al. 2011), and the
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solar motion of (U⊙=11.1, V⊙=12.24, W⊙=7.25)
km s−1 from revised Hipparcos measurements by
Scho¨nrich et al. (2010), we estimated peculiar mo-
tions for the sources using the procedure described
in Reid et al. (2009b). In order to obtain realis-
tic uncertainties for peculiar motions, we include
the effects of uncertainties in parallax, proper mo-
tion and VLSR. We do this by generating 10,000
random trials consistent with our measured values
and (Gaussianly distributed) uncertainties. The
(Us,Vs,Ws) components of peculiar motion toward
the Galactic center, in the direction of Galactic
rotation, and toward the north Galactic pole, re-
spectively, are given in Table 7. All components
are consistent with zero motion, albeit with fairly
large uncertainties owing to the great distances of
the sources.
5.3. Distance to G048.60+0.02
Nagayama et al. (2011) also measured an H2O
maser parallax distance for G048.60+0.02 of
5.03 ± 0.19 kpc using the VERA array. This re-
sult is significantly different from our distance
of 10.75+0.61
−0.55 kpc. The Nagayama distance would
place G048.60+0.02 in the Sagittarius-Carina arm
and near (projected separation ≈ 1◦) the super-
nova remnant G049.49-0.37 and the active star-
forming region W51, which has several parallax
distance measurements near 5.3 kpc (Xu et al.
2009; Sato et al. 2010; Wu et al. 2013). Note
that the VLSR of 18 km s
−1 for G048.60+0.02
is offset by ≈ 50 km s−1 from the W51 sources.
This is inconsistent with the spiral arm assign-
ment of G048.60+0.02 to the inner portion of the
Perseus arm (described in § 5.1 and based on 13CO
position–velocity information). Nagayama et al.
(2011) suggested that the large velocity offset
might be the result of the multiple SN explo-
sions in W51. However, this is inconsistent with
N-body simulations by Baba et al. (2009), which
suggest that the acceleration by the SN explo-
sion does not cause motions of that magnitude for
swept-up, star-forming gas.
Generally there is excellent agreement between
parallaxes measured by different VLBI arrays.
What could explain this unusual difference? Our
VLBA parallax measurement has some superiori-
ties over those of Nagayama et al. (2011). Firstly,
our observations have longer interferometric base-
lines. Secondly, our observations have more and
closer background sources, nearly symmetrically
distributed relative to the target as shown in Fig-
ure 12. This could be very important to reduce
systematic error due to unmodeled tropospheric
delays. Note that the background sources used
by Nagayama are very close together and both
are offset mostly north of G048.60+0.02. There-
fore, unmodeled tropospheric delays will be similar
for both of their background sources. Noting this
source of correlation, as well as the nearly 100%
correlation among different maser spot positions,
owing to nearly identical unmodeled tropospheric
delays, the (formal) parallax uncertainty quoted
by Nagayama of ±0.007 mas, may be underesti-
mated by factors of
√
9 and
√
2 (for 9 maser spots
and 2 background sources) and more realistically is
±0.030 mas. However, even with this uncertainty,
the difference between our and Nagayama’s paral-
laxes (0.103± 0.031) is still somewhat significant.
Thirdly, our observing epochs symmetrically sam-
ple the peaks of the sinusoidal parallax signature
in right ascension, yielding near-zero correlation
coefficients between parallax and proper motion
terms. For these reasons, we suspect that our mea-
sured distance of 10.75+0.61
−0.55 kpc to G048.60+0.02
is more reliable.
5.4. A Star Formation Gap in the Perseus
arm
As shown in Figure 10, we have yet to locate a
high-mass star forming region with β between ≈
30◦ and 80◦ in the Perseus arm. Although we ob-
served sources whose sky positions and velocities
suggested kinematic distances in the Perseus arm,
all were found to be much closer and located in the
Local arm (Xu et al. 2013). In Figure 13, we plot
the Galactic plane locations (based on kinematic
distances) of ≈ 200 22-GHz H2O masers stronger
than 10 Jy and associated with star-forming re-
gions. We find that the section of the Perseus
arm between ℓ ≈ 50◦ to 80◦ near the Solar Cir-
cle has very few 22 GHz candidate H2O masers,
even though they are numerous masers outside the
Solar Circle in the Perseus arm for ℓ ≥ 90◦.
As shown in Figure 14, CO emission indicates
that the Perseus arm can be seen from ℓ ≈ 180◦to
48◦, where it spirals to the Solar Circle and VLSR
values approach zero and merge with local emis-
sion. The longitude range 64◦ to 76◦ is weak in
CO emission (as it is from 160◦ to 168◦). This
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suggests that the Perseus arm, at least between
ℓ ≈ 64◦ and 76◦, is low in giant molecular clouds
and massive star formation. Also plotted is the
Galactic distribution of Massive Young Stellar Ob-
jects (MYSOs) from the Red MSX Sources (RMS)
Survey (Urquhart et al. 2007). Since MYSOs are
indicators of star formation, the small numbers of
MYSOs at 50◦ < ℓ < 80◦ also indicates low lev-
els of star formation in this portion of the Perseus
arm.
6. SUMMARY
We measured trigonometric parallaxes and
proper motions of H2O masers in two star-forming
regions, G043.16+0.01 and G048.60+0.02. We es-
tablish that both sources are at great distances
and that G043.16+0.01 is one of the most lumi-
nous star forming regions in the Milky Way. These
two sources have positions and VLSR’s that match
13CO emission from giant molecular clouds that
are located in the Perseus arm. Thus, our paral-
lax distances accurately locate the inner portion of
the Perseus arm within the Milky Way. Combin-
ing our results with other parallax measurements
for maser sources associated with the outer por-
tion of the Perseus arm, we determined a global
pitch angle of 9.3◦ ± 1.3◦ for the Perseus arm.
Finally, we suggest that there is little massive-star
formation in the Perseus arm between l ≈ 50◦ and
80◦.
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Table 1
VLBA Observations
Epoch Program Date Antennas Available
group code (yyyy mm dd) BR FD HN KP LA MK NL OV PT SC
1 BR145B1 2010 03 13
√ √ √ √ √ √ √ √ √ √
1 BR145B2 2010 04 03
√ √ √ √ √ √ √ √ √ √
1 BR145B3 2010 04 30
√ √ √ √ √ √ √ √ √
2 BR145B4 2010 09 05
√ √ √ √ √ √ √ √ √ √
2 BR145B5 2010 09 12 √ √ √ √ √ √ √ √ √ √
2 BR145B6 2010 10 03
√ √ √ √ √ √ √ √ √ √
2 BR145B7 2010 10 23 √ √ √ √ √ √ √ √ √ √
2 BR145B8 2010 10 28
√ √ √ √ √ √ √ √ √ √
2 BR145B9 2010 11 15
√ √ √ √ √ √ √ √ √ √
3 BR145BA 2011 03 13
√ √ √ √ √ √ √ √ √
3 BR145BB 2011 04 05
√ √ √ √ √ √ √ √ √
3 BR145BC 2011 04 18
√ √ √ √ √ √ √ √
Note.—The first column lists the epoch group number, which denotes the order
number of peaks in the two year sinusoidal trigonometric parallax signature. Check
marks indicate that the antenna produced good data, while a blank indicates that
little or no useful data was obtained. Antenna codes are BR: Brewster, WA; FD:
Fort Davis, TX; HN: Hancock, NH; KP: Kitt Peak, AZ; LA: Los Alamos, NM; MK:
Mauna Kea, HI; NL: North Liberty, IA; OV: Owens Valley, CA; PT: Pie Town,
NM; and SC: Saint Croix, VI.
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Table 2
Source characteristics
Source R.A. (J2000) Dec. (J2000) θsep P.A. S VLSR Beam
(h m s) (◦ ′ ′′) (◦) (◦) (Jy beam−1) (km s−1) (mas mas ◦)
G043.16+0.01 19 10 13.4096 +09 06 12.803 ... ... 1000−8000 –4.75 0.8 × 0.4 @ –0
J1905+0952 19 05 39.8989 +09 52 08.407 1.4 –56 0.050−0.170 0.7 × 0.3 @ –8
J1922+0841 19 22 18.6337 +08 41 57.373 3.0 +98 0.010−0.020 0.9 × 0.3 @ –9
G048.60+0.02 19 20 31.1761 +13 55 25.209 ... ... 90−160 +25.58 0.8 × 0.3 @ –9
J1917+1405 19 17 18.0641 +14 05 09.769 0.8 –78 0.020−0.050 0.8 × 0.3 @ –13
J1913+1307 19 13 18.0641 +13 07 47.331 1.9 –114 0.010−0.050 0.8 × 0.3 @ –12
J1924+1540 19 24 39.4559 +15 40 43.941 2.0 +30 0.090−0.450 0.8 × 0.3 @ –12
Note.—Column 1 gives the names of the maser sources and its corresponding background sources. Columns
2 to 3 list the absolute positions of the reference maser spot and background sources. Columns 4 to 5 give the
separations (θsep) and position angles (P.A.) east of north between maser and background sources. Columns 6
to 7 give the brightnesses (S) and VLSR of reference maser spot. The last column gives the full width at half
maximum (FWHM) size and P.A. of the Gaussian restoring beam. Calibrators are from the BeSSeL calibrator
survey (Immer et al. 2011).
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Table 3
Parallax and proper motion fits for W49N
Background Region VLSR Parallax µx µy ∆x ∆y χ
2
ν σx σy
source (km s−1) (mas) (mas yr−1) (mas yr−1) (mas) (mas) (mas) (mas)
J1905+0952 B 12.95 0.096 ± 0.008 –2.86 ± 0.02 –5.44 ± 0.01 –57.87 ± 0.01 270.85 ± 0.01 1.001 0.025 0.017
A 12.95 0.102 ± 0.006 –2.90 ± 0.01 –5.72 ± 0.02 –41.09 ± 0.01 62.44 ± 0.01 0.984 0.018 0.024
C 8.31 0.095 ± 0.007 –2.80 ± 0.02 –5.94 ± 0.04 –21.86 ± 0.01 –9.88 ± 0.01 0.994 0.022 0.049
C 7.89 0.082 ± 0.006 –2.93 ± 0.02 –5.94 ± 0.06 –21.89 ± 0.01 –9.73 ± 0.02 0.993 0.019 0.078
E 4.94 0.080 ± 0.007 –2.51 ± 0.02 –5.16 ± 0.01 31.43 ± 0.01 308.78 ± 0.00 0.953 0.024 0.012
E 4.52 0.084 ± 0.007 –2.50 ± 0.02 –5.17 ± 0.01 31.44 ± 0.01 308.77 ± 0.00 0.969 0.024 0.011
E 1.99 0.084 ± 0.004 –2.53 ± 0.01 –5.33 ± 0.01 29.22 ± 0.00 299.72 ± 0.01 0.996 0.012 0.013
C –11.07 0.100 ± 0.012 –3.08 ± 0.03 –5.55 ± 0.02 –2.08 ± 0.01 –4.18 ± 0.01 0.991 0.039 0.022
F –44.77 0.087 ± 0.007 –2.94 ± 0.02 –5.05 ± 0.02 –61.71 ± 0.01 196.77 ± 0.01 0.991 0.022 0.020
D –46.04 0.083 ± 0.005 –3.07 ± 0.01 –5.98 ± 0.03 –9.00 ± 0.00 –299.53 ± 0.01 0.978 0.016 0.033
D –46.46 0.081 ± 0.006 –3.06 ± 0.01 –6.03 ± 0.02 –8.98 ± 0.01 –299.52 ± 0.01 0.975 0.018 0.020
J1922+0841 B 12.95 0.102 ± 0.007 –2.95 ± 0.02 –5.25 ± 0.04 –56.06 ± 0.01 269.15 ± 0.02 0.969 0.016 0.046
A 12.95 0.111 ± 0.007 –2.99 ± 0.02 –5.55 ± 0.03 –39.29 ± 0.01 60.75 ± 0.01 0.976 0.017 0.034
C 8.31 0.102 ± 0.005 –2.88 ± 0.01 –5.77 ± 0.06 –20.06 ± 0.00 –11.57 ± 0.02 0.999 0.011 0.064
C 7.89 0.089 ± 0.006 –3.01 ± 0.02 –5.77 ± 0.07 –20.08 ± 0.01 –11.43 ± 0.02 0.981 0.015 0.074
E 4.94 0.092 ± 0.006 –2.60 ± 0.01 –4.98 ± 0.04 33.24 ± 0.01 307.09 ± 0.01 0.969 0.013 0.041
E 4.52 0.098 ± 0.006 –2.59 ± 0.01 –4.99 ± 0.04 33.25 ± 0.01 307.07 ± 0.01 0.973 0.014 0.039
E 1.99 0.092 ± 0.008 –2.62 ± 0.02 –5.14 ± 0.05 31.03 ± 0.01 298.03 ± 0.02 0.981 0.021 0.049
C –11.07 0.103 ± 0.009 –3.17 ± 0.02 –5.36 ± 0.05 –0.27 ± 0.01 –5.87 ± 0.02 0.992 0.025 0.053
F –44.77 0.099 ± 0.006 –3.03 ± 0.01 –4.88 ± 0.03 –59.91 ± 0.01 195.08 ± 0.01 0.974 0.013 0.035
D –46.04 0.090 ± 0.007 –3.16 ± 0.02 –5.81 ± 0.04 –7.19 ± 0.01 –301.23 ± 0.01 0.973 0.018 0.038
D –46.46 0.089 ± 0.008 –3.15 ± 0.02 –5.85 ± 0.04 –7.18 ± 0.01 –301.21 ± 0.01 0.993 0.021 0.039
Combined
all 0.090 ± 0.006 0.970 0.026 0.051
Note.—Absolute proper motions are defined as µx = µα cos δ and µy = µδ. χ
2
ν is reduced χ
2 of post-fit residuals, σx and
σy are error floor in x and y, respectively.
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Table 4
Best-fitting models for H2O maser kinematics in W49N
Parameter Model
Type Unit A B
Velocity V0x km s
−1 101.34 ± 4.02 106.27 ± 4.28
V0y km s
−1 61.30 ± 2.58 57.92 ± 3.13
V0z km s
−1 10.73 ± 1.40 10.55 ± 1.28
Position x0 arcsec 0.37 ± 0.08 0.23 ± 0.08
y0 arcsec 0.06 ± 0.08 –0.11 ± 0.13
Expansion Vexp km s
−1 16.77 ± 1.80 10.99 ± 1.33
γ 0.60 ± 0.06 0.81 ± 0.06
Rotation Vrot km s
−1 0 5.28 ± 0.80
θ radian 0 0.48 ± 0.72
φ radian 0 1.68 ± 0.30
Note.—Model A includes only radial motions. Model
B includes radial and rotation motions.
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Table 5
Parallax and proper motion fits for G048.60+0.02
Background Region VLSR Parallax µx µy ∆x ∆y χ
2
ν σx σy
source (km s−1) (mas) (mas yr−1) (mas yr−1) (mas) (mas) (mas) (mas)
J1913+1307 A 25.58 0.098 ± 0.003 –3.11 ± 0.01 –5.80 ± 0.02 2.81 ± 0.00 –4.68 ± 0.01 0.994 0.010 0.027
A 25.16 0.097 ± 0.003 –3.12 ± 0.01 –5.77 ± 0.02 2.81 ± 0.00 –4.71 ± 0.01 0.996 0.009 0.026
A 24.74 0.082 ± 0.003 –3.12 ± 0.01 –5.76 ± 0.07 2.82 ± 0.00 –4.79 ± 0.02 0.999 0.010 0.084
A 24.31 0.086 ± 0.003 –3.12 ± 0.01 –5.77 ± 0.05 2.82 ± 0.00 –4.77 ± 0.02 0.997 0.009 0.063
B 20.52 0.088 ± 0.004 –2.67 ± 0.01 –5.68 ± 0.02 131.04 ± 0.00 –69.53 ± 0.01 0.996 0.011 0.029
B 20.10 0.085 ± 0.003 –2.67 ± 0.01 –5.68 ± 0.02 131.03 ± 0.00 –69.54 ± 0.01 0.988 0.010 0.028
B 19.68 0.077 ± 0.003 –2.69 ± 0.01 –5.66 ± 0.02 131.01 ± 0.00 –69.58 ± 0.01 0.938 0.009 0.028
B 19.26 0.089 ± 0.004 –2.72 ± 0.01 –5.72 ± 0.02 130.04 ± 0.00 –72.30 ± 0.01 1.009 0.013 0.026
B 18.84 0.089 ± 0.004 –2.73 ± 0.01 –5.72 ± 0.02 130.05 ± 0.00 –72.30 ± 0.01 1.002 0.013 0.027
J1917+1405 A 25.58 0.105 ± 0.004 –3.18 ± 0.01 –5.64 ± 0.02 2.98 ± 0.00 0.48 ± 0.01 0.994 0.013 0.028
A 25.16 0.104 ± 0.004 –3.19 ± 0.01 –5.61 ± 0.02 2.98 ± 0.00 0.45 ± 0.01 0.998 0.012 0.028
A 24.74 0.089 ± 0.004 –3.19 ± 0.01 –5.60 ± 0.06 3.00 ± 0.00 0.37 ± 0.02 0.999 0.012 0.077
A 24.31 0.092 ± 0.004 –3.18 ± 0.01 –5.61 ± 0.05 2.99 ± 0.00 0.39 ± 0.02 0.997 0.012 0.057
B 20.52 0.096 ± 0.004 –2.74 ± 0.01 –5.52 ± 0.01 131.21 ± 0.00 –64.37 ± 0.01 0.993 0.013 0.017
B 20.10 0.093 ± 0.004 –2.74 ± 0.01 –5.52 ± 0.01 131.21 ± 0.00 –64.38 ± 0.00 0.979 0.013 0.015
B 19.68 0.085 ± 0.004 –2.76 ± 0.01 –5.50 ± 0.02 131.19 ± 0.00 –64.42 ± 0.01 0.910 0.012 0.018
B 19.26 0.097 ± 0.004 –2.79 ± 0.01 –5.57 ± 0.01 130.21 ± 0.00 –67.14 ± 0.00 0.995 0.014 0.015
B 18.84 0.096 ± 0.004 –2.80 ± 0.01 –5.56 ± 0.01 130.22 ± 0.00 –67.14 ± 0.00 0.998 0.013 0.015
J1924+1540 A 25.58 0.106 ± 0.005 –3.28 ± 0.01 –5.44 ± 0.04 2.68 ± 0.00 0.00 ± 0.01 0.996 0.015 0.043
A 25.16 0.104 ± 0.005 –3.28 ± 0.01 –5.41 ± 0.04 2.68 ± 0.00 –0.03 ± 0.01 0.998 0.015 0.048
A 24.74 0.089 ± 0.005 –3.28 ± 0.01 –5.40 ± 0.07 2.69 ± 0.00 –0.11 ± 0.03 0.998 0.015 0.089
A 24.31 0.093 ± 0.005 –3.28 ± 0.01 –5.41 ± 0.06 2.69 ± 0.00 –0.09 ± 0.02 0.998 0.016 0.070
B 20.52 0.096 ± 0.005 –2.83 ± 0.01 –5.32 ± 0.03 130.91 ± 0.00 –64.84 ± 0.01 0.997 0.016 0.037
B 20.10 0.093 ± 0.005 –2.83 ± 0.01 –5.32 ± 0.03 130.91 ± 0.00 –64.86 ± 0.01 0.994 0.016 0.037
B 19.68 0.087 ± 0.006 –2.85 ± 0.02 –5.30 ± 0.03 130.89 ± 0.01 –64.90 ± 0.01 0.959 0.017 0.038
B 19.26 0.097 ± 0.005 –2.89 ± 0.01 –5.36 ± 0.03 129.91 ± 0.00 –67.62 ± 0.01 0.997 0.015 0.037
B 18.84 0.097 ± 0.005 –2.89 ± 0.01 –5.36 ± 0.03 129.92 ± 0.00 –67.62 ± 0.01 0.999 0.015 0.036
Combined
all 0.093 ± 0.005 0.990 0.029 0.069
Note.—Absolute proper motions are defined as µx = µα cos δ and µy = µδ. χ
2
ν is reduced χ
2 of post-fit residuals, σx and σy
are error floor in x and y, respectively.
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Table 6
Best-fitting models for H2O maser kinematics in G048.60+0.02
Parameter Model
Type Unit A B
Velocity V0x km s
−1 15.51 ± 3.96 25.00 ± 4.44
V0y km s
−1 5.44 ± 3.83 6.62 ± 3.65
V0z km s
−1 20.65 ± 2.64 19.24 ± 2.73
Position x0 arcsec 0.11 ± 0.09 –0.06 ± 0.11
y0 arcsec –0.05 ± 0.09 0.01 ± 0.09
Expansion Vexp km s
−1 7.78 ± 2.91 9.25 ± 3.30
γ –0.26 ± 0.35 –0.23 ± 0.41
Rotation Vrot km s
−1 0 7.44 ± 8.45
θ radian 0 1.48 ± 1.76
φ radian 0 –1.46 ± 1.59
Note.—Model A includes only radial motions.
Model B includes radial and rotation motions.
Table 7
Parallaxes and proper motions of H2O maser sources located in Inner Perseus Arm
Source Parallax Distance µx µy VLSR Us Vs Ws
name (mas) (kpc) (mas yr−1) (mas yr−1) (km s−1) (km s−1) (km s−1) (km s−1)
G043.16+0.01 0.090 ± 0.006 11.11+0.79
−0.69 –2.48 ± 0.15 –5.27 ± 0.13 11 ± 5 –17 ± 11 –23 ± 16 –5 ± 8
G048.60+0.02 0.093 ± 0.005 10.75+0.61
−0.55 –2.89 ± 0.13 –5.50 ± 0.13 18 ± 5 –4 ± 11 13 ± 14 6 ± 7
Note.—Column 3 lists the parallax distance. Column 4 to 6 list absolute proper motion in eastward
and northward direction and VLSR, respectively. Columns 7 to 9 list peculiar motion components, where Us,
Vs, Ws are directed toward the Galactic center, in the direction of Galactic rotation and toward the North
Galactic Pole (NGP), respectively. The peculiar motions were estimated using the Galactic parameters from
Brunthaler et al. (2011) and solar motion parameters from Scho¨nrich et al. (2010).
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Fig. 1.— Images of the H2O maser reference spot at VLSR of –4.75 km s
−1 and the extragalactic radio
sources used for the parallax measurements of W49N (G043.16+0.01) at the last epoch (2011 April 18).
Source names are in the upper left corner and the restoring beam (dotted ellipse) is in the lower left corner
of each panel. Contour levels for G043.16+0.01 maser emission are 250 Jy beam−1 ×2n, n = 0 . . . 5, and for
the background sources (J1905+0952 and J1922+0841) are spaced linearly at 0.02 and 0.20 mJy beam−1,
respectively.
Fig. 2.— Left panel: spatial distribution of the H2O maser spots (with brightness ≥ 50 Jy beam−1 for
a restoring beam of ∼ 3 × 1 mas) toward W49N from VLBA observations at the last epoch (2011 April
18). Each maser spot is represented by a filled circle whose area is proportional to the logarithm of the flux
density. Right panel: blow-ups of maser spots (with brightness ≥ 50 Jy beam−1 for a restoring beam of
∼ 0.8× 0.4 mas) distribution in the field indicated with a dotted box in left panel. All the maser spots used
for the parallax fit are from this field. Each region including maser feature used for parallax fit is labeled
with a letter. The reference maser spot is located in region C. The color bar denotes the VLSR range from
–100 to +110 km s−1.
(This figure is available in color in the electronic version.)
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Fig. 3.— Parallax and proper motion data (markers) and best-fitting model (dotted line) for the maser spot
at the VLSR of –44.77 km s
−1 in W49N. Plotted are positions of the maser spots relative to the extragalactic
radio sources J1905+0952 (circles), J1922+0841 (squares). Left panel: Eastward (upper panel) and northward
(lower panel) offsets versus time. Right panel: Same as the left panel, except the best-fitting proper motion
has been removed, displaying only the parallax signature.
Fig. 4.— Averaged positions (circles) and relative motions (arrows) with mean value removed of maser
spots respective to reference maser spot located at (0, 0) mas in W49N. The color bar denotes the VLSR
range from –98 to 68 km s−1 of the maser features. The length and the direction of an arrow indicate the
speed (given by the scale arrow in the upper right of the panel), the size of the arrow head is proportional
to the uncertainty of the motion.
(This figure is available in color in the electronic version.)
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Fig. 5.— Images of the H2O maser reference spot at VLSR of +25.58 km s
−1 and the extragalactic radio
sources used for the parallax measurements of G048.60+0.02 at the first epoch (2010 March 13). Source
names are in the upper left corner and the restoring beam (dotted ellipse) is in the lower left corner of each
panel. Contour levels for G048.60+0.02 maser emission are 5 Jy beam−1 × 2n, n = 0 . . . 5, and for the
background sources (J1913+1307, J1917+1405 and J1924+1540) are spaced linearly at 0.01, 0.01 and 0.05
Jy beam−1, respectively.
Fig. 6.— Left panel: spatial distribution of the H2O maser spots (with brightness ≥ 1 Jy beam−1 for a
restoring beam of ∼ 3 × 1 mas) toward G048.60+0.02 from VLBA observations at the first epoch (2010
March 13). Each maser spot is represented by a filled circle whose area is proportional to the logarithm of
the flux density. Right panel: blow-ups of the maser spot distribution in the field indicated with a dotted
box in the left panel. All the maser spots (with brightness ≥ 1 Jy beam−1 for a restoring beam of ∼ 0.8×0.3
mas) used for parallax fit are from this field. Each region including maser spot for parallax fit is labeled
with a letter. The reference maser spot is in region A. The color bar denotes the VLSR range from +8 to
+36 km s−1.
(This figure is available in color in the electronic version.)
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Fig. 7.— Parallax and proper motion data (markers) and a best-fitting model (dotted line) for the maser
spot at the VLSR of +24.31 km s
−1 in G048.60+0.02. Plotted are positions of the maser spot relative to the
extragalactic radio sources J1913+1307 (circles), J1917+1405 (squares) and J1924+1540 (triangles). Left
panel: Eastward (upper panel) and northward (lower panel) offsets versus time. Right panel: Same as the
left panel, except the best-fitting proper motion has been removed, displaying only the parallax signature.
Fig. 8.— Averaged positions (circles) and relative motions (arrows) with mean value removed of maser
spots relative to reference maser spot located at (0, 0) mas in G048.60+0.02. The color bar denotes the
VLSR range from 8 to 35 km s
−1 of the maser features. The length and the direction of an arrow indicate
the speed (given by the scale arrow in the upper left of the panel), the size of the arrow head is proportional
to the uncertainty of the motion.
(This figure is available in color in the electronic version.)
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Fig. 9.— Velocity-integrated 13CO intensity for the molecular clouds apparently associated G043.16+0.01
(left panel) and G048.60+0.02 (right panel). The velocity integration ranges are indicated in the upper
right of each figure. The data are from the Galactic Ring Survey (Jackson et al. 2006). Over plotted
contours are for the 870 µm continuum emission from the APEX Telescope Large Area Survey of the Galaxy
(ATLASGAL) (Schuller et al. 2009). Contour levels are start at 2 Jy beam−1 and increase by factors of 2
for G043.16+0.01; they are linearly spaced at 1 Jy beam−1 for G048.60+0.02.
(This figure is available in color in the electronic version.)
Fig. 10.— Pitch angle of Perseus arm. The logarithm of Galactocentric radius, R (in kpc units) is plotted
against Galactocentric longitude (β). The dashed line is a weighted fit to all the points and corresponds to
a pitch angle of 9.5◦.
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Fig. 11.— Location (dots with bar) and peculiar motion (arrows) projected on the Galactic plane of H2O
maser sources with parallax measurements in the Perseus arm. The length of the bar denotes the distance
uncertainty. A 10 km s−1 motion scale is in the lower left. The background is an artist’s conception of Milky
Way (R. Hurt: NASA/JPL-Caltech/SSC) viewed from the north Galactic pole from which the Galaxy rotates
clockwise. The Galactic center (red star) is at (0, 0) and the Sun (yellow dot) at (0, 8.3) kpc.
(This figure is available in color in the electronic version.)
Fig. 12.— Sky positions of the target and background sources for G048.60+0.02. Squares/Circles denote
background sources used in the VLBA/VERA observations.
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Fig. 13.— Galactic distributions of 22 GHz H2O masers with kinematic distances (blue dots) from
Valdettaro et al. (2001) and parallax distances (red squares) from M. J. Reid et al. (2013, in preparation).
Kinematic distances have been used to generate these plots and distance ambiguities have been resolved
using the prescription of Fish et al. (2003), based simply on Galactic latitude. Note that these kinematic
distances are highly uncertain and are almost useless to determine spiral structure. The background is an
artist’s conception of Milky Way (R. Hurt: NASA/JPL-Caltech/SSC) viewed from the north Galactic pole
from which the Galaxy rotates clockwise. The Galactic center (red star) is at (0, 0) and the Sun (yellow dot)
at (0, 8.3) kpc.
(This figure is available in color in the electronic version.)
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(a)
(b)
(c)
(d)
(e)
Fig. 14.— (a): A CO longitude-velocity diagram integrated over a 10◦ strip of Galactic latitude centered
on the Galactic plane from Dame et al. (2001). The solid lines roughly outline the locus of the Perseus arm.
The colors indicate log intensity, from 0.1 K-arcdeg (blue) to 16 K-arcdeg (white). Below the right edge
at longitude of 48◦ the Perseus arm is inside the solar circle with small positive velocity and blends with
stronger, more extensive local emission, and hence it is not shown. (b): A velocity-integrated CO map of
the Perseus arm, obtained by integrating the Dame et al. (2001) survey over the velocity ranges indicated in
(a). The colors indicate log Wco, from 1 K km s−1 (blue) to 100 K km s−1 (white). (c): Mean CO intensity
of the Perseus arm vs. Galactic longitude, obtained by averaging the map in (b) over latitude. (d): Galactic
longitude and latitude of Massive Young Stellar Objects (MYSOs) within the velocity ranges indicated in
(a). These MYSOs are from the Red MSX Sources (RMS) Survey (http://www.ast.leeds.ac.uk/RMS/).
(e): Distribution of Galactic longitude of MSYOs plotted in (d). The dotted line in (d) and (e) indicates
longitude of 48◦.
(This figure is available in color in the electronic version.)
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